Background: Cell culture technology has spread prolifically within a century, a variety
cases, researchers should modify a medium themselves. In addition, when facing problems, researchers have to know the properties of the medium in order to identify the cause of any problem with their experiments.
At present, synthetic media can be classified into several groups, based on the type of supplements added; for example, serum-containing media, serum-free media, protein-free media, and chemically defined media (Tables 1 and 2 ). Serum-containing media naturally contain various serum-derived substances, which make the medium composition unclear and whose concentrations can fluctuate from batch to batch. This situation makes the culture results less reproducible and poses a risk of microbial contamination. Serumcontaining media, however, can be designed easily and be used effectively for a variety of cell types because serum includes a lot of active substances that are necessary for the survival and growth of animal cells. 2 Serum-free media, in contrast, have a defined composition, resulting in a high reproducibility of results, and the cultivation process can be validated. In addition, target cells can be grown selectively in an intermingled cell population if the culture conditions are configured to benefit them. Among the serum-free media, subgroups of protein-free media (which do not contain any protein at all) and chemically defined media (which do not contain any undefined ingredient) provide additional stability and reproducibility for culture systems, facilitating the identification of the cellular secretions and reducing the risk of microbial contamination. However, the serumfree media are difficult to design: only specific cell types have been cultivated this way to date. 
| HISTORY OF CELL CULTURE MEDIA

| Dawn of cultivation experiments (1882-1907)
In 1882, Sydney Ringer developed Ringer's solution, a balanced salt solution of a composition that is close to that of bodily fluids, and successfully kept frog hearts beating after dissection and removal from the body. 4, 5 This is said to be the first instance of in vitro cultivation of animal tissue. Balanced salt solutions were developed one after another in the wake of Ringer's report, including Locke's solution, 6 Tyrode's solution, 7 the Krebs-Ringer bicarbonate solution, 8 Gey's solution, 9 Earle's solution, 10 and Hanks' solution. 11 The composition of these balanced salt solutions is simple and includes only inorganic salts, sometimes with glucose added as a nutrient. Nonetheless, their pH, osmotic pressure, and inorganic salt concentrations were calibrated to physiological conditions and these solutions can be used successfully to keep tissues and cells outside the body alive for short periods, generally up to a few days.
After the success of Ringer's solution, researchers began to pay attention to cells in culture devices and tried to maintain the cells.
Nonetheless, the cells usually did not survive and rarely showed mitotic figures. [12] [13] [14] In 1907, however, Ross G. Harrison successfully monitored an apparent outgrowth of nerve fibers of a frog for several weeks in lymph fluid that had been freshly drawn from the lymph sacs of an adult frog. 15 This experiment is considered to be the beginning of animal cell cultivation.
T A B L E 1 Categories of animal-cell culture media T A B L E 2 Types and characteristics of basal media
Category Name (author, year)
Features
Connaught Medical Research Laboratories
(CMRL) media Medium 199 (Morgan et al. 1950 ) Developed in order to cultivate chicken embryonic cells under protein-free conditions, it is prepared by the sequential addition of amino acids, vitamins (including fat-soluble vitamins), and nucleic-acid precursors. Its composition is extremely complex because the components that are thought to be necessary on theoretical grounds, including inactive components, are added to the medium. Often used for organ culture CMRL1066 (Parker et al. 1957) Created by amending Medium 199 in order to culture mouse L cells under protein-free conditions, the modifications included increased levels of reducing substances (cysteine, glutathione, and ascorbic acid), the elimination of fat-soluble vitamins, changes in the types of nucleic-acid precursors, and the addition of coenzymes
Eagle media
Basal medium Eagle (BME) ) Supplemented with the minimal components that are necessary for mouse L cells and human HeLa cells to reach the index of proliferative capacity and including 13 amino acids and eight vitamins, it is unsuitable for cells whose cultures require many components because of its simple composition
Minimum essential medium (MEM) (Eagle 1959 ) BME modified according to the cellular need for amino acids, so the concentrations of the majority of amino acids are twofold, as compared to BME. Non-essential amino acids, which cells can biosynthesize, were not included in the original MEM formulation; however, researchers can add non-essential amino acids to reduce the biosynthetic load
Dulbecco's modified MEM (DMEM) (Dulbecco and
Freeman 1959) Modified to have fourfold the concentrations of amino acids and vitamins that are present in BME and developed to study the plaque-forming ability of the polyoma virus in mouse embryonic cells. Various modifications have been made since, with supplementation, for example, of the non-essential amino acids, glycine and serine, iron, and pyruvate. The glucose concentration also can be increased to 25 mmol L if the concentration of glucose is not sufficient in the medium, the chick embryo cells show vacuolar degeneration and die within a few days. 25 In contrast, in their search for the active ingredients in embryonic extract, it was ascertained that the active substance is in the protein fraction 26 and that the partially hydrolyzed proteins effectively promote the cell growth of chick embryo fibroblasts. 27 Those researchers also confirmed the growth-promoting activity of amino acids 28 and glutathione for chick embryo fibroblasts. 29 
| Birth of established cell lines (1940-)
It is rare for healthy somatic cells that are derived from animals to acquire unlimited proliferative capacity during cultivation. They typically stop growing after a certain number of divisions (ie, the Hayflick limit). 32 As a result, researchers would conduct studies by using cells Thus, the development of culture media advanced rapidly as a result.
| Establishment of basal media and research into protein-free media (1946-)
Baker's medium and the other media that had been developed up to this point contained naturally derived components of unknown composition, including plasma, serum, bouillon, peptone, and tissue extracts.
In order to find the crucial components in those natural materials and to develop defined media that are comparably efficient in the cultivation of cells, relative to the media containing natural ingredients, two main strategies were undertaken. The first strategy was to use dialyzed serum for the support of cells at minimum levels and to add defined components to maximize the proliferation of cells. The second strategy was not dependent on serum, or even proteins at all, and involved the formulation of media exclusively from definitive components.
Fischer was a pioneer of the first strategy. He dialyzed blood plasma to remove the low-molecular-weight fraction. Culture media that were supplemented with dialyzed blood plasma could sustain cells only for a short period, indicating that the low-molecular-weight fraction was essential for the survival of cells. Then, he discovered that the amino acids are the key substance in the low-molecular-weight fraction. 35, 36 This creation of dialyzed media, along with the established cell lines, made it possible to determine, in a systemic way, whether the cells require low-molecular-weight substances under culture conditions. The other strategy-the total omission of serum and proteinsis thought to have begun in 1946, with full-scale research by Philip R.
White. He developed a chemically defined medium that was composed of glucose, inorganic salts, amino acids, iron, vitamins, and glutathione,
with no protein at all. Using this medium, he successfully cultivated chick embryo-derived fibroblasts and cardiac muscle cells for ~2 months. 48 Other researchers were unable to repeat his findings and argued that
White's Medium still needed 10%-20% serum for the reported results. necessary for cell culture. 50 Using this medium, they cultured chick embryo-derived cells for 3-4 weeks. Serum and embryonic extract were still necessary for the primary culture. Other researchers also reported the necessity of a small amount of serum in Medium 199 for cell proliferation. 37 The team at CMRL thereafter developed a chemically defined medium, CMRL1066, using mouse L cells and their proliferation as an indicator of the effectiveness of the medium. This CMRL1066 medium, consisting of 58 components, was developed through several modifications, such as increasing the levels of reducing substances (cysteine, glutathione, and ascorbic acid), removing fat-soluble vitamins, changing the nucleic acid precursors, and adding coenzymes (Table 2) . 51, 52 In contrast, during the same period, the National Cancer Institute's Tissue
Culture Section (NCTC), led by Wilton R. Earle, developed a chemically defined medium that was composed of 68 ingredients, named NCTC109 (Table 2) . 53 These two media were difficult to prepare because of their complex composition. Thereafter, Charity Waymouth developed the MB 752/1 medium (Table 2) , which is composed of 40 ingredients (glucose, inorganic salts, amino acids, vitamins, purine bases, hypoxanthine, and glutathione). This was the simplest-possible chemically defined medium at the time. 54 CMRL1066, NCTC109, and MB 752/1, however, all were de- (Table 2 ). With two kinds of serum protein fractions (albumin and fetuin) instead of serum, he successfully made a single Chinese hamster ovary (CHO) cell form a colony under serum-free conditions. 53 The composition of this medium, however, was undefined because it contained serum protein fractions and the proliferative capacity it conferred fell short of that induced by serum-containing media. There was also a challenge: serum supplementation remained necessary for the cultivation of cell types other than CHO cells. In order to solve these issues, Ham replaced the albumin and fetuin of biological origin with low-molecularweight substances-linoleic acid and putrescine 55, 56 -and developed
Ham's F-12, a completely synthetic medium of definite composition.
During this refinement of the medium, the concentration of each ingredient in Ham's F-10 was reviewed and modified (Table 2) . 57 With the reduced amount of zinc, this medium supported colony formation by mouse L cells, but protein-free cultivation of other cells remained difficult. 58, 59 It became clear in later studies that trace elements contaminating the water or raw materials they used are necessary for the protein-free cultivation of CHO cells in Ham's F-12 medium, leading to the development of MCDB301, a medium that is supplemented with 20 trace elements (Table 2) . 60 Toshiko Takaoka and Hajim Katsuta successfully cultured various kinds of cells long-term in a simple medium that did not contain proteins or lipids; 61 however, only a few cell types can adapt to protein-and lipid-free conditions and the fatty-acid composition of the cells thus cultured differs greatly from the cells cultured in serum-containing media. 62 In the field of life sciences, the "reductive approach" and the "synthetic approach" are often used for elucidating a complicated biological process. The reductive approach is used to analyze and identify the essential parts in the complex biological process. The synthetic approach is used to reconstruct the biological process by putting the known parts together. Both approaches were instrumental in the development of synthetic culture media because these approaches had disadvantages relative to each other. First, the reductive approach was undertaken strenuously by Carrel and others because the synthetic approach was almost impossible without any information about the active substances for the cultivation of cells; accordingly, the substances that were important for cell culture in natural media were lined up. In contrast, the reductive approach could not be entirely successful at elucidating the complexities of the natural media because of the quantitative and qualitative limitations of the analytical method, complicated components of the natural media, and their variation from batch to batch. Accordingly, the candidate substances based on the knowledge of the reductive approach were tested by means of the synthetic approach by Eagle and others and the substances that are essential for cell culture were eventually identified. It seems to be important when and how these approaches are used for the successful development of culture media. The addition of these growth factors to a culture medium increased cellular proliferation. Nevertheless, their effect on cell proliferation, as with insulin, was found to be almost always inferior to the effect of serum. [81] [82] [83] [84] [85] Under these circumstances, in 1976, three key reports were published that accelerated the development of serum-free media. Ham's group discovered that a trace element of selenite is necessary for the serum-free cultivation of human diploid cells 86 and Larry J. Guilbert and Iscove showed that, besides selenite, a combination of transferrin and albumin is a good serum substitute. 87 
Izumi Hayashi and Gordon
H. Sato discovered that a combination of several hormones and growth factors is an effective serum substitute. 58 Prompted by their discoveries, attempts at serum-free culture by using serum substitutes (eg, several hormones and growth factors, transferrin, and selenite; 
| Improvements to basal media (1970-)
In addition to being a source of hormones, growth factors, carrier proteins, and lipids, serum increases the levels of various low-molecular-weight compounds in basal media. As a result, traditional basal media from which serum is excluded were sometimes unable to adequately support cell growth. 94 91 Naturally, the composition of a basal medium that is used for serum-free culture should be optimized for each cell type. In addition, it seems that the optimization also depends on the scale of the culture and its method. Insulin is unstable at 37°C (especially in the presence of a high concentration of cysteine) and therefore must be added to a medium at a comparatively high concentration. In addition, zinc is necessary for insulin to exert its biological action and researchers ideally should use a zinc-supplemented medium. The hydrocortisone that is present in the fetal bovine serum acts as a growth inhibitor in high-density cultures (many cells that are closely packed; eg, glial cells, pulmonary epithelial cells). Conversely, it sometimes promotes growth in low-density cultures Carrier proteins Albumin, transferrin, lactoferrin, and others
Albumin is used as a carrier of a variety of substances, including lipids (eg, fatty acids, cholesterol), trace elements (eg, copper, nickel), amino acids (cysteine, tryptophan), and vitamins (pyridoxal phosphate: ie, the active form of vitamin B 6 ). As lipids cannot dissolve in an aqueous solution alone, they are more effectively supplied to cells after the formation of complexes with albumin. In addition, albumin has toxin-neutralizing, antioxidant, and shear stress-reducing effects. Transferrin is used as a carrier of iron. Lactoferrin can serve as a substitute for transferrin If these agents are serum-derived, there is a risk of contamination; for example, by viruses. Most of the serum-derived albumin in distribution today is purified from corn by using the cold ethanol fractionation method: the products that are prepared this way contain lower proportions of other proteins. Moreover, the levels of lipids and trace elements that are bound to albumin vary from lot to lot. Sometimes, differences between lots are observed as a result: researchers should perform batch screening before using these products. Serum-derived transferrins include compounds of porcine, bovine, and human origin. As bovine transferrin typically has low activity, researchers must in some cases work around this issue; for example, by raising the concentration (Continues) approaches. 101 Through such efforts, as well as host cell modifications, 102 the per-cell production yield has increased nearly 10-fold from 1986 to 2004. 103 The composition of the various culture media that are used in biopharmaceutical manufacturing today has not been disclosed for commercial reasons, but the composition of a previously reported serum-free culture medium that is used for CHO cells is detailed in Table 4 for reference.
| Culture media for use with pluripotent stem cells
Since (Table 5) . [105] [106] [107] [108] [109] [110] [111] Among these, the
E8 medium that was developed by Guokai Chen et al. has become popular. With its simple composition-DMEM/F-12 supplemented
with insulin, sodium selenite, transferrin, ascorbic acid (stable form), FGF2, TGF-β1 (or Nodal), and sodium bicarbonate-this medium allows for the long-term growth of human iPS cells. 109 Moreover, in recent years, developments have continued in the field of culture media that contain low-molecular-weight compounds instead of expensive growth factors (eg, FGF2 and TGF-β1; Table 5 ). 
| Culture media for use in assisted reproductive technology
The development of in vitro fertilization, embryo culture, and embryo transfer technologies has progressed on the basis of animal experiments, primarily on rabbits and mice. [113] [114] [115] [116] In 1978, the first clinical application was successful, as implemented by Patrick C. Steptoe and Robert G. Edwards. 117 The medium they preferred to use for human zygote cultures was Ham's F-10, supplemented with serum. 118 It was later revealed, however, that hypoxanthine and the trace elements in Ham's F-10 negatively affected the embryos via the production of reactive oxygen species. [119] [120] [121] [122] The metabolism of a pre-implantation embryo differs greatly from that of somatic cells; therefore, the embryo can be cultured up to the blastocyst stage by using a simple medium that consists of a balanced salt solution that is supplemented with glucose, pyruvate, lactate, and albumin. 123 The concentration of glucose that was used usually for somatic cells in those days, which was as high as 5.5 mmol L 
| SELECTION OF A BASAL MEDIUM
Each basal medium has been designed in each case on the basis of the cell type, the origin (animal species), and the purpose of the culturing. In fact, the medium composition can differ greatly depending on such background factors. Whether supplementation with natural products is allowed is another important presupposition for the choice of a basal medium. For example, MEM (developed by Eagle) was designed under the assumption of serum supplementation and accordingly includes only the minimum necessary components (inorganic salts, sugar, essential amino acids, and water-soluble vitamins). The combination and concentrations of the added hydrolysates were determined by using an experimental design method. It was developed to increase antibody productivity information; for instance, cell banks' sites (eg, www.atcc.org, www.
phe-culturecollections.org.uk, cellbank.nibiohn.go.jp, and cell.brc.
riken.jp). Table 2 because CS has a weak growth-promoting activity, it has been used effectively for studies of contact inhibition on the 3T3 cell line. It is also suitable for cellular differentiation studies, in which growth factors can interfere with the results. 128 Lipid levels in serum rise with increasing calf age (ie, days after birth) 129 and therefore CS or adult bovine serum is sometimes selected, instead of FBS, when cells with high lipid requirements are cultured. Horse serum that is harvested from adult horses via a closed system of collection has a comparatively high homogeneity between lots. Its characteristics include a low concentration of polyamine oxidase, 130 which makes polyamines; the latter have a cell-proliferative effect and are metabolically degraded less readily.
| Alternatives to serum
When serum supplementation is inappropriate or undesirable, researchers can choose several substitutes for serum. They include serum extracts, tissue extracts or hydrolysates, growth factors, hormones, carrier proteins like albumin and transferrin, lipids, metals, vitamins, polyamines, and reductants (Table 3 ). The number of combinations of these supplements is nearly infinite and they often interact with each other. Their selection thus incurs an enormous effort, time, and cost: one cannot design an optimal medium by simply trying them in arbitrary combinations at random. Thorough studies on past records of successful combinations, if available, are helpful. The T A B L E 5 Serum-free culture media for embryonic stem/induced pluripotent stem cells A TeSR-based medium. HSA (which results in large between-lot variation) and 2-mercaptoethanol (which negatively affects cells) were removed and supplements were refined down to the necessary minimum (Name undefined) (Hasegawa et al.
2012)
DMEM/F-12 Amino acids, ascorbate, selenite, insulin, transferrin, Wnt3a, and indole derivative (ID)-8 (DYRK inhibitor)
The expensive bFGF and TGF-β are replaced with Wnt3a and the low-molecular-weight compound ID-8. Growth is slow, compared to conventional media (Name undefined) (Hasegawa et al.
2015)
DMEM/F-12 Ascorbate, selenite, insulin, transferrin, ID-8, GSK3β inhibitor (eg, 1-azakenpaullone), and NFAT inhibitor (eg, tacrolimus)
Wnt is replaced with a GSK3β inhibitor and NFAT inhibitor (low-molecular-weight compounds), it can be manufactured cheaply, and quality management is simple bFGF, basic fibroblast growth factor; DYRK, dual-specificity tyrosine-phosphorylation-regulated kinase; GSK, glycogen synthase kinase; NFAT, nuclear factor of activated T cells.
following is an example of a protocol when researchers try to implement a serum-free culture by themselves: 131
1.
Try a medium where the ITS supplement is added to DMEM/F-12.
2. If using glutamine, set its concentration to 2-4 mmol L −1 and consider the stable form: L-alanyl-L-glutamine (see the next section).
Add growth factors, hormones, vitamins, trace elements, and lipids
according to the requirements of the cell type under study.
4.
Pay attention to the osmotic pressure.
5. Use antibiotics as little as possible.
6.
When culturing adherent cells, consider using substrates, such as fibronectin and laminin, for cell attachment.
7.
For a stirred culture, consider supplementing the medium with protective agents like Pluronic F-68 to minimize the shear force. 
| pH changes
The pH of the culture medium that is used for animal-cell cultures generally is maintained by the equilibrium relationship between sodium bicarbonate (NaHCO 3 ) in the culture medium and CO 2 in the incubator (Fig. 1) 
| Oxidative stress
Culture In addition, iron and copper ions in a free state promote the production of reactive oxygen species. It is therefore best for these ions to be complexed with appropriate carriers (eg, transferrin, albumin, or chelating agents) and to be supplied to the cells in this state, while they are isolated from reactive systems. Caution is also necessary with respect to free iron ions, which are readily hydroxylated and precipitate in an aqueous solution.
| Nutrient requirements
Sufficient amounts of nutrients in the medium are a prerequisite for cells to behave properly. Some cell types require higher levels of nutrients than others do, depending on their metabolic activity and proliferation rate. Such characteristics of cells should be taken into account in the selection of a medium. DMEM, for example, was designed originally to contain glucose at 5.6 mmol L 
| Undefined medium supplements
Supplements of biogenic origin, like serum, can be a cause of variation in the experimental results from batch to batch. They also carry a risk of microbial contamination of the culture medium. Thus, the replacement of those supplements with defined ones has been pursued in the history of culture media, as described above. 43, 87 At the dawn of the technology, a human embryo was cultured in a medium containing serum. In the mid-1980s, the serum could be replaced by serum albumin. 138 Albumin is the most abundant protein in serum and is multifunctional. It binds to various water-insoluble substances like lipids. The lipids that are carried by albumin become an energy source and biosynthetic substances for an embryo. [139] [140] [141] In addition, serum albumin serves as an antioxidant, osmotic regulator, and neutralizer of toxins. These functions are key benefits that serum usually provides to the media. Nonetheless, the use of serum albumin in place of serum has not contributed much to the development of chemically defined media. First, most, if not all, commercial serum albumin versions contain >100 serum proteins, although these admixtures have very low concentrations. 142, 143 Second, albumin can bind to potential toxins, like phthalates 144 (common plasticizers) or endotoxins. Thus, those toxins can be present in the commercial versions of serum albumin. These impurities in serum albumin products even were reported to vary in concentration from batch to batch, thus affecting the results of the embryo culture. [145] [146] [147] [148] [149] [150] Therefore, the development of the culture media without undefined supplements is desirable, especially for human embryos. Recently, highly purified recombinant human albumin became commercially available. It is worth trying it as a substitute for serum-derived albumin.
Summarized in Table 3 are the points of caution when researchers use undefined supplements.
| Contamination of a medium
Foreign substances from unidentified sources can contaminate a culture medium, thus possibly affecting the empirical results. Typically, those contaminants include viruses, bacteria, mycoplasma, and endotoxins. There are, however, other types of contaminants, like plasticizers that might be eluted from plastic instruments 144 or trace elements, even in water. These substances also can affect the cells in culture. 60 It also was reported that some toxic substances are eluted from the microfilters that are used for sterilization. 151 Some of this contamination seems to be even inevitable, but care must be taken to minimize it in order to make culture experiments reliable and highly reproducible.
Thus, researchers may consider practicing the sterile technique strictly and selecting culture instruments carefully. Washing the instruments 
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F I G U R E 3 Concepts of the one-factor-at-a-time experiment and design of experiment (DoE). These figures show the difference in strategies between a one-factor-at-a-time experiment and a DoE for the same experimental runs. A, In the case of the one-factor-at-a-time experiment, the optimal concentration of one component (eg, component A) is determined at a fixed concentration of another component (eg, component B). Then, the optimal concentration of component B is determined at the optimal concentration of component A. This strategy, which usually has been used, has a big disadvantage of missing the optimal point because there are some unexamined areas in the range of parameters. B, In contrast, the DoE is a model-based statistical method that can clarify the relationship between the response of the cells and the concentrations of the tested components in the range of settings. The process of the DoE is mainly composed of four steps. First, allocate the design points evenly throughout the area. Second, record the response of the cells for each run. Third, fit the collected data to an appropriate model (eg, a logistic regression model for a binomial response) and validate the relevance of the model to decide whether it is available for the next step.
Finally, use the model to optimize the concentrations of the components or to predict a response of the cells
